In recent years, non-orthogonal multiple access (NOMA) has become a promising technology for the advancement of future wireless communications. In principle, the relay node with better channel conditions can support others to enhance the system performance by using successive interference cancellation (SIC) technique. In this paper, we take advantage of NOMA in the study of a relaying cooperative system operating in half-duplex (HD) fixed decode-and-forward (DF) relaying scheme. In the two time slots, two data symbols are received at the destination node resulting in a higher transmission rate. Besides that, we study energy harvesting (EH) with power splitting (PS) protocol. For performance analysis, approximate and exact closed-form expressions for outage probability (OP) are obtained. Following that, we examine the average bit error probability (ABEP) while expressions for the throughput in delay-limited mode are given. It can be seen that our simulation results match well with the Monte Carlo simulations.
Introduction
In order to meet the demand for high energy consumption in future wireless communications, energy harvesting (EH) from radio frequency (RF) has increasingly become a promising technology, in which energy received from RF signals is converted into electricity to power wireless devices. Thanks to this technology, both energy and information can be simultaneously transmitted to wireless users located near the source node [1] [2] [3] [4] [5] [6] . In fact, EH and information transmission (IT) cannot be carried out at the same time. Thus, the received signal has to be divided for EH and IT by either two foundational receiver architectures, i.e., or time switching (TS) and power splitting (PS) [7, 8] .
In particular, the literature in [9] developed two optimal TS policies, namely Optimal Time for Transmit Power at Source and Optimal Time for Transmit Power at Relay when considering a half-duplex (HD) decode-and-forward (DF) small cell cognitive relay network (CRN).
Besides, an EH relaying network was evaluated in terms of the outage probability (OP) in [10] , in which closed-form expressions for OP over Nakagami-m fading channels for both amplify-and-forward (AF) and DF relaying schemes were obtained. Interestingly, it is worth noting delay-limited throughput are obtained. We prove the system performance by giving some numerical results in Section 4. Finally, a brief conclusion is given in Section 5.
Notation:
We present the cumulative distribution function (CDF) and probability density function (PDF) of the random variable (RV) as F X (a) = 1 − 
System Model
We considered a cooperative relaying non-orthogonal multiple access (CR-NOMA) system depicted Figure 1 . Particularly, a source node (S), a relay node, and a destination node (D) communicate with each other, but R is used to support the communication between S and D because of the far distance. In this model, we assume R operates in decode-and-forward (DF) half-duplex (HD) relaying mode. It is worth noting that the direct transmission is also possible. In addition, the additive white Gaussian noise (AWGN) has an impact on all nodes' received signals with zero mean n 0 and variance N 0 . In this work, d SR and d RD are used to denote the distances between S-R and R-D links, respectively. In principle, there are two time slots involved in each system communication process. Regarding the first time slot, S transfers a signal symbol denoted as x 1 with the transmit power P S to R and D, where E |x 1 | 2 = 1. Interestingly, thanks to the different receiver mechanisms, two signals are split and differentiated with the power allocation at S as in [21] . Following that, another signal symbol denoted as x 2 is transferred to D with P S in the second time slot, in which E |x 2 | 2 = 1. It is noted that D simultaneously receives x 1 from R with the transmit power, P R in the second time slot.
Regarding the system channels, we represent the channel coefficients of S-R, R-D, and S-D links as f 1 , f 2 , and f 3 , and they are affected by independent and identically distributed (i.i.d) quasi-static Rayleigh fading channel. In addition, the channel power gain is denoted by |A| 2 with A ∈ { f 1 , f 2 , f 3 }
following an exponential distribution with the mean value, Ω A . In order to examine energy harvesting (EH) in this model, we decided to deploy power spitting (PS) protocol showed Figure 2 . In particular, the block time, T is divided for each transmission slot. In principle, the PS ratio, ρP S splits a part of the received signal power with 0 ≤ ρ ≤ 1 divided for EH while the remaining part, (1 − ρ)P S used for information transmission (IT). Therefore, we express the received signal at R in the first time slot as
where the path-loss exponent is m.
Following from (1), the harvested energy at R is calculated as
where the energy conversion efficiency is defined as 0 ≤ η ≤ 1 relying on the EH circuitry and rectification. The transmit power at R is calculated with a small portion of the energy stored at itself. In particular, w and wP S are used to represent the fractional constant and the transmit power supplied by the battery, respectively. We assume when w = 0, the transmit power at R is solely provided by the energy harvested from S. Hence, we can express the transmit power at R within T/2 as
However, the signal x 1 received at R is expressed by
In addition, the same applies for D as
where d SD is denoted the distance between S and D link. We define the received signal-to-noise ratio (SNR) as γ = E |signal|
Thus, following from (4) and (5), the SNRs for x 1 at both R and D can be respectively obtained as
and
where the transmit SNR is written as β = P S /N 0 . In this system model, D receives signals from S while using successive interference cancellation (SIC) to conduct successful signal decoding. Therefore, we compute the received signal at D as
Replacing (3) into (7), we can rewrite (7) as
In fact, due to the different locations wireless nodes, the fading gain of the R-D channel, f 2 is proved to be more significant than that of the S-D channel, f 3 . Due to the natural characteristics of different transceivers' channels, it motivates us to apply NOMA in the second time slot. Thanks to the deployment of SIC, D treats x 1 while considering x 2 as a noise term. As a consequence, we have to remove x 1 from y D,2 to successfully decode x 2 . Hence, the received SNRs at D for both data symbols can be obtained as
Thanks to the use of R, the end-to-end SNR for x 1 can be obtained as
The data rate the end-to-end SNR at D for x 1 and both x 1 and x 2 can be written with fixed DF relaying scheme as
where we defined γ e2e,x 1 , γ D,1,x 1 above.
Performance Analysis
In this section, we are going to provide exact and approximate closed-form expressions for outage probability (OP). Besides that, the average bit error probability (ABEP) and delay-limited throughput are going to be examined to comprehensively study CR-NOMA. Let us start first with the study of OP.
Exact Outage Performance
In principle, the OP denoted as OP represents the probability in which the instantaneous SNR, γ is set below its own threshold defined as γ 0 . In this paper, we define OP as OP = Pr (γ
Let us first investigate the CDF in Proposition 1.
Proposition 1.
OPs for x 1 and x 2 presented as OP x 1 and OP x 2 can be computed as
where
Proof. Thanks to the CDF for γ R,1,x 1 and γ D,1,x 1 , we achieve
To obtain the OP for x 1 at D, the CDF of γ D,2,x 1 must be achieved first. Thus, we condition
By taking advantage of ( [28] , Equation (3.324.1)), we have
Thus, the CDF of γ D,2,x 1 over | f 3 | 2 can be expressed by
If x 1 is not decoded, outage events may occur. Therefore, applying (14a) and (17), the OP at the end-to-end SNR at D is written by
Thanks to selection combining technique, the total value of OP, x 1 can be computed as
Substituting (14b) and (18) into (19), (12) was derived. In addition, the OP of x 2 is expressed as
where F γ D,2,x 2 is presented in (14b). This ends the proof for Proposition 1.
Remark 1.
OP varies as a function of PS ratio, ρ ranging from 0 to 1. It is noted that the more ρ is, the more transmit power is available at R. As a result, if there is more transmit power at R, fewer outage events are likely to occur.
Approximate Outage Performance
Due to the involvement of an integral in the above expression for OP which is not closed-form in Proposition 1, the asymptotic OP expressions at high SNR regime in Proposition 2 are going to be expressed as the following tight upper bound function.
Proposition 2.
At high SNR regime, we can express the approximate expressions for OP with a and b standing for the communication via R and the direct transmission as
and OP (x 2 ) (β→∞)
Proof. Similar to steps conducted in the proof for Proposition 1, the modified Bessel function of the second kind as, xK 1 (x) → 1 can be upper bounded when x → 0. Therefore, at high SNR, the CDF in (17) with β → ∞ can be expressed again as
Thanks to the integral identity in ( [28] , Equation (6.643.2)), we have
Following that, we derive
To this point, e −x = 1 − x can be approximated when x → 0 as in ( [28] , Equation (1.211.1)) from (12) . After some algebraic manipulations, (21) and (22) are obtained for the proof of Proposition 2.
Average Bit Error Probability (ABEP)
In principle, the average bit error probability (ABEP) is known as the probability used to examine the performance of wireless applications. Considering various modulations, i.e., BPSK, BFSK with orthogonal signaling, and M-ary square QAM alphabet, which transmits data by changing the amplitude of two carrier signals.
For the sake of simplicity, the ABEP, P b (e) for the end-to-end SNR, γ e2e can be expressed by
where P b (e|γ) is averaging the conditional BEP over the PDF. Using BEP in an AWGN channel [29] , the k-th bit ABEP of Gray bit-mapped M-ary square QAM is given by
where ε [.] denotes the statistical expectation operator, and Q(x) is the Gaussian Q-function defined as
Eventually, the ABEP of M-ary square QAM can be written as
In order to compute the ABEP as in [29] , the following expression is given
where (p, q) = (1, 2) for BPSK, and (p, q) = (1, 1) for QPSK. Consequently, before obtaining the ABEP, the distribution function of γ must be expected. Then, the expression for ABEP derived in (29) is rewritten over the CDF as
The total ABEP of x 1 is given by
where F γ D,1,x 1 , F γ e2e,x 1 are respectively presented in (14b) and (18) .
Likewise, the ABEP of x 2 can be derived based on (30) as
by using the same method to the CDF of x 1 in (14b).
Throughput in Delay-Limited Transmission Mode
In fact, the throughput is examined by OP at a fixed transmission rate. For simplicity, we assume that the source transmits data at a fixed rate, R 0 (bits/sec/Hz), and the OP is important to the throughput defined as R 0 = 2 2γ 0 − 1 (bps/Hz) with 1/2 being the effective communication time. Therefore, the throughput, τ at D is written by
Numerical Results
In this section, we prove the correctness of the system by providing simulation results. In addition, comparisons with Monte Carlo performance results are also given. It is noted that we generate 10 6 realizations of Rayleigh distribution. In addition, we assume S, R and D are collinear with R located between S and D. For simplicity of presentation, we summarize the used parameters in Table 1 . Table 1 . Simulation parameters.
Symbols

Parameter Names Values
Mean of the exponential RVs | f 3 | 2 1
In Figure 3 , we compare OP with two defined thresholds in two cases, i.e., Case 1: γ 0 = 1 and Case 2: γ 0 = 3 (bps/Hz). It is clear that the lower the threshold is, the better OP becomes. In contrast, the OP falls when β climbs. In principle, when β rises, both S and R harvest more energy, so there is more energy for IT in the next hop. In this situation, the outage performance of x 1 is superior to that of x 2 due to the deployment of R.
Transmit SNR β (dB) In Figure 4 , the throughput in the delay-limited transmission mode is presented as a function of β in the two cases regarding distances, including Case 1: d SR = 0.2 and Case 2: d SR = 0.3. We can see that x 1 enjoys better throughput due to its lowest OP, the short distance between S and R, and the higher amount of harvested energy. It also presents the throughput ceilings at high SNR regime because the OP increasingly approaches zero, and the throughput is determined by the pre-defined data rate. However, regarding x 2 , the throughput is worse because of the lack of energy for information decoding, so outage events can occur which compromise the throughput performance. As a result, the suitable placement of R in the design of practical CR-NOMA transmission systems is proved to be important.
Transmit SNR β (dB) As illustrated in Figure 5 , the throughput performance of both CR-NOMA and traditional CR-OMA is depicted versus the PS ratio. It is noted that we set the transmit power, P S to two fixed values of 0 (dB) and 5 (dB). It is clear that the throughput performance of CR-NOMA is significantly higher compared to CR-OMA, in which the performance gap becomes clear during the end of the period. This is because due to the deployment of SIC at D in the second time slot, the transmission of data symbol x 2 becomes possible. In addition, thanks to the use of R, the distance between R and D can be effectively reduced to minimize the fading gain of x 1 . In Figure 6 , the ABEP is presented as a function of the transmit SNR, β. It is obvious that due to the high quality of the R-D link, the ABEP for the data symbol x 1 also improves. Nevertheless, the gap between the corresponding curves becomes noticeable as ρ climbs, especially with the data symbol x 2 . Additionally, the ABEP of x 2 is limited to the transmit power of the R-D link. As depicted in Figure 7 , we present the transmission rate as a function of the transmit SNR, β when a 1 = 0.9, a 2 = 0.1, and Ω f 1 = Ω f 2 = 10(dB), and Ω f 3 = 1(dB). It is noted that we achieve the performance gaps from (11a) and (11b). In particular, the total achievable rate of x 1 is considered as the achievable rate transmitted in the fixed DF relaying scheme and the one directed transmitted from S to D. It is clear that the achievable rate in our considered system is enhanced thanks to the deployment of PS WSN-NOMA protocol compared to the existing PS-OMA respectively discussed in [30] and CRS-NOMA in [31] . Unlike PS-OMA and CRS-NOMA which only have the relay transmitting the decoded symbol to the destination in the second time slot, our system deploys SIC technique in which S can transmit symbols to D, and D can use SIC technique to decode the data symbols.
Transmit SNR β (dB) 
Conclusions
In this paper, we studied a CR-NOMA network using PS receiver architecture. To analyze the system performance, we obtained closed-form exact and approximate expressions for OP. Following that, ABEP was examined, and the expression for delay-limited throughput was also derived. With the provided simulation results, better outage and throughput performance were witnessed. 
